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ABSTRACT
Advanced composite materials (ACM) are seeing increased usage in civil and architectural
engineering applications. An important distinction should be noted between applications that use
advanced composite materials and the term "composite construction", which is frequently used to
describe floor system designs that employ steel beam members acting in conjunction with a concrete
deck to resist flexural loads. Alternatively, designs with advanced composite materials include
structural members that are made up of a large number of fibrous elements, referred to as
reinforcement, embedded in a continuous phase of a second material known as the matrix.
The scope of this document includes only advanced composite material designs, and is further
refined to include only those applications where such designs involve new-construction as opposed
to repair or rehabilitation. Evidence is provided that justifies the positive growth trend in the use of
advanced composites, and demonstrates that advanced composite materials are both viable and cost
competitive in many structural applications. A study of six requirements that are fundamental to the
use of composites in new-construction applications is presented:
1) well defined material systems and processing methods are established
2) adequate secondary manufacturing processes exist
3) a sufficient manufacturing base is present
4) design and life predication methods are developed
5) non-destructive evaluation methods are effective
6) life cycle costs are competitive
Case studies involving the use of these materials in structural applications are presented and
compared to similar designs using conventional materials.
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Introduction
The world demand for advanced composite materials has grown at a rate of approximately 11%
annually for the past twenty years, with the civil engineering markets showing a slight upturn more
recently, as military markets have declined resulting in reduced raw material prices. The demand has
also been driven by the need for rehabilitation of the aging U.S. infrastructure. 1,2] These factors,
combined with an increasing awareness of composite materials among engineers, will likely continue
to reduce material costs and increase the general level of acceptance of such materials for structural
applications.
An important distinction should be noted between applications that use advanced composite
materials and the term "composite construction", which is frequently used to describe floor system
designs that employ steel beam members acting in conjunction with a concrete deck to resist flexural
loads. Alternatively, designs with advanced composite materials include structural members that are
made up of a large number of fibrous elements, referred to as reinforcement, embedded in a
continuous phase of a second material known as the matrix.
Despite the growing demand for advanced composites, these materials have been used less
frequently in new-construction applications, in favor of conventional, "time-tested" building
materials such as steel, concrete, and timber. A broad survey of advanced composite materials
reveals that their use in new-construction applications is warranted. Mel Schwartz, of United
Technologies Corporation, outlines six "fundamental issues.. .which require.. .attention in order to
realize the potential of advanced materials:"
1. The material composition and fabrication processes must be well defined and under
control.
2. Secondary processes, such as machining, joining, and repairing must be developed.
3. A sufficient manufacturing base for the material must exist so that the material is readily
available without restraints typically associated with single source materials.
4. Adequate design and life prediction capabilities for the material / component must be
developed in order to confidently use the material as well as to estimate its economic
payoff.
5. Suitable nondestructive evaluation methods for the new material structures must be
developed in conjunction with precise process control for quality assurance.
6. Costs must be low enough (in final fabricated form) that the benefits of the new material
can be justified on a performance or life cycle cost basis.
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Although these items, presented in [6], are intended as guidelines to the development of a specific
product for a specific application, they apply equally as well to the introduction of composite
materials to new-construction applications in general. Instead of guidelines for realization of the
economic potential of advanced materials, the outline can be alternatively viewed as fundamental
issues that must be addressed in order for practicing engineers to recognize, and take advantage of
the overall potential of advanced materials.
Part I of this document addresses each of the fundamental issues listed above with respect to the
current status of composite material development for new-construction applications. Part II
discusses current and future applications of composite materials using case studies.
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Part I- Applicability of Composites in New-Construction Applications
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Chapter 1- Overview
1.1 Potential Benefits Advanced Composites
The number of potential benefits of composite materials in civil engineering applications is
increasing with the heightening awareness of such materials. Some of the performance and design
benefits are corrosion resistance, chemical resistance, magnetic transparency, structural efficiency,
and high specific strength. Figure 1.1-1 compares the specific strengths of glass and carbon fiber
reinforced polymers (GFRP and CFRP respectively) to those of steel and concrete. The weight
reduction associated with these materials also results in lower transportation and construction costs.
Erection contractors can use smaller cranes and hoists, resulting in reduced rental rates.
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Figure 1.1-1: Specific strengths of buildings materials
The use of composites can also decrease construction time, as fully integrated structural assemblies
eliminate the need to install multiple parts. For example, a conventional floor system, consisting of
steel beams, a deck, shear studs, and concrete fill could be replaced by a composite sandwich floor
system. Installation of prefabricated concrete planks, which achieves a similar result, requires the
use of a crane or other heavy hoisting equipment.
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1.2 Challenges to the use of Advanced Composites
Although composite materials are gaining acceptance in the civil engineering community, the use of
these materials in new-construction applications has been met with a number of challenges, of which
opposition to change is one of the most crippling. Many engineers prefer to use "time-tested"
materials such as concrete and steel and are reluctant to experiment with newer materials despite the
potential benefits they offer. The cost associated with the "learning curve" for designing with new
materials is often a deterrent to engineers.
High material costs remain the largest challenge to the use of composite materials in construction
applications. Figure 1.2-1 shows the relative cost per U.S. ton of composite and conventional
materials. While in many cases, much less material can be used, designs using composites have still
carried a higher price-tag as they have largely been over-conservative, due to outdated design
methods and lack of designer confidence. "We cannot afford to penalize composites by using the
wrong design. By the same token we should not deny ourselves of the extraordinary properties of
composite materials by using outmoded tools."[3]
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Figure 1.2-1: Costs of building materials
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Chapter 2- Material Systems and Processing Methods
2.1 Material Systems
Reinforcement Materials
Although many different fibrous materials exist and have been used successfully, carbon, glass, and
aramid fibers are by far the most popular in civil engineering applications. Of these three material
families, glass fibers, or more specifically, E-Glass fibers, typically produce lower-cost designs. [2]
Because glass fiber reinforced plastics (GFRP) usually have a lower stiffness than carbon or aramid
fiber composites (CFRP and AFRP respectively), hybrid systems are often used to produce slightly
stiffer designs without significantly increasing the material costs. Table 2.1-1, below, gives the
mechanical properties of carbon, glass, and aramid fibers.
Table 2.1-1: Properties of Common Fibers
Such systems were used by Bakis et al [10] in making FRP reinforcing bars for concrete structures.
The bars contained various combinations of carbon, aramid, glass, and polyvinyl alcohol fibers held
together with polyester and vinylester matrix materials. In addition to the reduced material costs, the
hybrid bars exhibited pseudo-ductile behavior under tensile loading. This trait is desirable, as
concrete members reinforced with this material could undergo significant deflections before failure,
thus giving early warning of potential problems. Figure 2.1-1 shows cross-sectional photographs of
two of the hybrid rods that were tested. The composition of the two rods shown is (a) 6% carbon,
17% aramid, 27% polyvinyl alcohol fibers and (b) 13% carbon fibers, 36% glass fibers by volume.
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C arb on Glass Ar arri d
TorayT300 E-Glass Kevlar49
D ry Dry Dry
Tensile Strength [lP a] 3500 348 3000
Tensile Modulus [GPa] 23] 72.4 112.4
Elongati on @ Breat [%] 1.2 42 2.4
(a) (b)
Figure 2.1-1: Hybrid composite reinforcement rods
Matrix Materials
An even larger variety of materials has been used to provide the matrix phase of composite materials.
Isophthalic polyester and vinylester materials are the most popular, although epoxies, phenolics and
thermoplastics also appear frequently in civil engineering applications. Although metals and metal
alloys can also be used as matrix materials, they are rarely used in such applications due to high costs
and lack of corrosion resistance. The properties of common matrix materials are given below in
Table 2.1-2.
Table 2.1-2: Properties of Common Matrix Materials
Epoxy Polyester Vinylester
HDT [C] 166 142 105
FTensile Strength [MPa] 90 114 141
Elongation @ Break [%] 3 to 6 3.2 6.7
2.2 Processing Methods
Many different processing methods are currently being used to produce composite materials for
various applications. Most of the processing methods used to manufacture small parts, e.g. for the
automotive industry, would not be effective for the civil engineering industry due to the difference in
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required production volume. In the automotive industry, thousands of identical parts are
manufactured to certain dimensions and used in hundreds of thousands of automobiles. For these
applications, the high up-front costs of mold production are offset by the streamlined production of
the end products, allowing the use of such processes as resin transfer and compression molding or
casting. These processes involve the use of small molds that must be manufactured to within
relatively strict tolerances to allow proper component production.
Although civil engineering projects often have similar parts, e.g. a W18x35 steel beam, there are
rarely cases where identical parts could be used frequently enough to warrant large-scale production.
For example, an average project may have a floor system with a total of a few hundred beams of a
certain cross-section and length, but the likelihood of another project using beams of the same
dimensions is small. Even if such a project existed, nothing would guarantee that the same material
supplier would be called upon to supply the new project. For this reason, the pultrusion and hand-
lay-up or spray-up methods have emerged as the most popular manufacturing methods used in civil
engineering applications.
Pultrusion
The pultrusion method is used to produce components of constant cross-section and virtually any
desired length. The only limitations on the length of such components are those imposed by the
practicality of handling and delivery to the final destination, in this case, a construction site. This
manufacturing method is ideal for producing standard structural shapes, such as wide-flange beams.
Figure 2.2-1: Pultruded composite shapes (Creative Pultrusion, Inc., PA)
Figure 2.2-2, is a schematic diagram of the pultrusion process.[2] A combination of pulling and
extrusion actions are used to force resin coated fibers through an extrusion mold. The mold is
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typically heated to hasten the curing process as the material passes through it. The gripping
mechanism, which provides the force to pull the fibers through the mold, is situated just down-line of
the mold, so that the gripping "foot" engages the cured section of the part. Finally, a cut-off saw
located behind the gripping mechanism is used to cut the parts to the desired length.
One disadvantage of the pultrusion method to product manufacturers is the high first-cost associated
with tooling. Because many different shapes can be produced by subsequently making slight,
relatively inexpensive alterations to the pultrusion die however, the high initial costs are distributed
over hundreds of thousands of process runs before new equipment is purchased. [2] After the die
shape has been set, shapes of constant cross-section can be produced at virtually unlimited lengths at
minimal cost above that of the constituent materials.
Fiber
rack
cloth
racks
material
guides pultrusion
die\ heaters
moving
pulling mechanisms cutoff saw
engaged disengaged
4
pre eater polymer rams finishedpreforming injection pressurized product
guides resin tank
Figure 2.2-2: Pultrusion process line.
Hand Lay-Up
Many structural applications require components of unique shape, or non-constant cross-section. In
general, these components cannot be economically produced with the pultrusion process. Hand-lay-
up methods are well suited to such applications, as the composite material components can be
manufactured on site, and typically in-place.
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The hand-lay-up process generally involves pressing (by hand roller) continuous fiber sheets into a
catalyzed thermoset resin; the fibers are oriented in optimum directions with respect to the
anticipated stresses on the structural element. The final shape of the completed component takes the
form of the substrate during the pressing stage. After the resin has cured, the component can either
be removed from the substrate, if a releasing medium of some type was used, or left in place, in
which case a releasing medium is generally omitted. By using multiple fiber sheet types, oriented in
different directions, a cured component with the desired structural properties is possible.
Despite the flexibility in cured component shapes and cured laminate properties, the hand-lay-up
method has a number of inherent problems. Because the method relies heavily on the skills of the
technician, wide variations in component dimensions often result. In addition, hand-lay-up is often
completed in a less than desirable environment, which increases the chance of contaminants such as
dirt, oil, or water being cured into the final composite. Composite materials readily develop
fractures due to the inclusion of such contaminants, which act as stress concentrators.
Spray-Up
The spray-up application method reduces the impact of included contaminants on the cured structural
component by decreasing the reliance of the overall system on a single fiber orientation. With this
system, short, chopped fibers are sprayed simultaneously with an atomized jet of catalyzed resin onto
the substrate. The fibers orient themselves randomly within the plane of the substrate, forming a
cured component with nearly transversely-isotropic properties (i.e., having material properties that
differ only in the out-of-plane direction). Inclusions and imperfections that act as stress
concentrators in localized areas have limited impact on the global behavior of the finished part.
2.3 Summary
A number of different fibers and matrix materials have been used successfully in civil engineering
applications. The fibers, in order of decreasing popularity are glass, carbon, and aramid, while the
matrix materials are epoxy, polyester, and vinylester. Hybrid material systems are frequently used to
achieve intermediate properties. The possible number of unique material systems is unlimited when
secondary parameters, such as fiber orientation and volume fraction are considered.
17
Chapter 3- Secondary Processes
3.1 Machining Processes
The need for extensive machining of primary materials is less prevalent in civil engineering
applications as it is in industries that produce standard parts in production lines, as relatively lower
tolerances are acceptable. Well established, high-sensitivity machining methods such as
conventional and laser milling and abrasive water jet cutting are rarely used. Most of the machining
processes used in civil engineering applications are associated with the manufacture and subsequent
joining of pultruded structural members. These processes are generally less labor intensive and
associated equipment costs are lower than those for milling or water-jet cutting. Three processes,
sawing, drilling and punching, are described below.
Sawing
Sawing is used most frequently at the end of the pultrusion process to make individual pieces from
the long pultruded member. Current technology has allowed cutting to take place while the
pultruded member is still moving, significantly increasing production rates. Figure 2.2-2 shows the
relationship of the moving cut-off saw to the pultrusion process line. The finished pieces are
accelerated by moving belts as they are cut from the long pultruded part to prevent pinching of the
saw blade.
Drilling
Drilling is frequently used to make bolt holes in pultruded structural sections. Although the process
is similar to that used for steel members, drilling composites is somewhat more difficult in that more
failure modes are possible if drilling is done incorrectly. Delamination, the most common failure
mode observed in composite drilling, is caused by excessive thrust force on the drill and drill bit
geometry. Other failure modes are peeling of the composite lamina near the surface of the laminate
and micro-cracking of the matrix. Ongoing research in the area of composite drilling has yielded
significant improvements in product quality and production rates, and is discussed further in Chapter
8.
Punching
Punching is frequently used as an alternative to drilling to produce bolt holes. The method increases
production rates at the expense of hole quality. Lower shear strengths in composite materials as
compared to steels allows a significant reduction in the required punching forces, and consequently,
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equipment costs. Additional failure modes such as delamination and micro-cracking are also present
in punched composites.
3.2 Joining Techniques
A number of techniques have been used successfully to join composite materials in civil engineering
applications. The most popular techniques are adhesion bonding and mechanical fastening, although
hybrid methods and welding (diffusion bonding) have also been successful. The appropriate joining
technique for a given task depends on the specified joint performance, construction methods, and
materials systems. Advantages and disadvantages to each of the methods are discussed below.
Design considerations for each of the joining methods are treated in Chapter 4.
Mechanical Fastening
Mechanical fastening includes the use of bolts, rivets, or other similarly shaped devices to provide a
medium for transferring forces from one material to another. Metal fastening devices are used most
frequently, although recently, plastics and polymer composite fasteners have been used. Metal
fasteners are required to provide the high structural capacities needed for civil engineering
applications.
Mechanical fastening techniques, such as bolting and riveting, offer a number of advantages and
disadvantages over adhesion bonding of composite materials. Table 3.2-1 compares the two
methods based on constructability, structural performance, resistance to environmental factors, and
quality control. Each method offers exclusive benefits in certain applications. Of particular
importance are the constructability and quality control issues surrounding adhesive joining. Because
most adhesives provide a permanent bond, materials joined using these techniques are typically
damaged upon subsequent disassembly, significantly reducing the flexibility of systems designed
with adhesive joints. Quality control is also a significant deterrent to the use of adhesive bonding, as
it requires the use of complex, non-destructive evaluation methods. Alternatively, quality control is
accomplished easily with mechanical bonding by visual inspections and simple mechanical testing
(e.g. torque testing to determine bolt tension). Tension control bolting can also be used to
mechanically fasten composite materials, integrating the quality control and construction process. In
tension control bolting, a special drill is used that measures the applied torque required when
tightening the nut. When the torque that corresponds to the proper bolt tension force is reached, a
release mechanism is tripped which prevents over-tightening the nut.
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Table 3.2-1: Comparison of Joining Methods
Adhesion Bonding
Adhesion bonding includes the use of an adhesive material to facilitate the attachment of two or
more other materials. Thermosetting or thermoplastic adhesives with similar properties to the matrix
phase of the composites to be joined are typically used, e.g. polyester, vinylester, and epoxy
adhesives are used to join thermosetting composites, while polyetheretherketone (PEEK) is used to
join thermoplastics.
Adhesion offers benefits that cannot be practically attained with mechanical fasteners. A significant
advantage of adhesive bonding in construction applications is freedom from galvanic corrosion.
Graphite and carbon fiber composites act as cathodes, and cannot be placed in direct contact with
certain metallic fasteners which act as anodes, allowing galvanic corrosion to occur. Current density
is a good indicator of compatibility of metallic materials with cathodic materials. Figure 3.2-1 shows
the current densities of various metals, high current densities indicating incompatibility. [4] The
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Mechanical Fastening Adhesive Bonding
1- sizable regions around 1- high degree of structural efficiency
fasteners where material is used
inefficiently
2- highly concentrated stresses 2- ductile response of adhesive
adjacent to fasteners due to reduces stress concentrations
elasticity of composite
3- weight penalty due to added 3- thin bondline adds little additional
fasteners weight
4- possibility of galvanic corrosion 4- corrosion free
if fasteners are improperly
chosen or installed
5- readiliy disassembled and 5- difficult/damaging to dissassemble
reassembled
6- allow access to most of 6- large bond areas restrict access to
structural component underlying component
7- visual quality control integrated 7- difficult quality control requiring
with the construction process non-destructive evaluation (NDE)
methods
8- low sensitivity to thermal, water 8- senstive to degradation
and environmental degradation , _II
figure demonstrates that only certain stainless steels and special alloys are suitable for use with
graphite and carbon fiber composites.
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Figure 3.2-1: Current Densities of Metal Alloys
Other benefits to adhesion bonding are the reduced connection weight, increased structural efficiency
of the joint, and the ductile behavior provided by the adhesive itself. Because composites behave
linearly until failure, included voids and particles, or holes cause significant stress concentrations
which result in reduced structural capacity. Stress concentrations are expressed in terms of a ratio of
the stress in the material at the concentration point to the average stress on the gross cross-section.
These dimensionless stress concentration factors can be as high as 8 for composites compared to
approximately 3 for isotropic materials such as steel. The ductility of the adhesive used to bond two
composite materials significantly reduced the effects of stress concentrators, returning the
concentration factors to levels approaching those of isotropic materials.
Other Methods
Rivet bonding, and welding methods are also used to connect composite materials. Rivet bonding is
a hybrid method that uses mechanical fastening as well as an adhesive to achieve certain desirable
properties of the above methods. The material is used infrequently due to the multiple processes
involved. Welding can only be done with thermoplastic composites because the materials are melted
before being joined. Additional polymer welding material in the form of paste or powder may be
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added at the site of the weld to enhance bonding. This method is seldom used in favor of adhesion
bonding, which provides similar joint properties.
3.3 Summary
The secondary manufacturing processes of machining and joining are well defined for composite
materials. Relatively high dimensional tolerances for manufacturing civil engineering structural
components eliminate the need for advanced machining techniques. Most of the machining
techniques that are used are associated with pultruded components. Joining of polymer-matrix
composites is accomplished by mechanical fastening, adhesion, rivet-bonding or welding. Each
technique offers unique advantages and disadvantages for a specific application.
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Chapter 4- Manufacturing Base
The acceptance of composite materials by the building community is dependent upon material
availability. Not only must materials be readily available, they must be delivered promptly to avoid
scheduling delays. The timely delivery of products requires that an adequate number of
manufacturers be located in close proximity to the building site. Fortunately, the definition of the
word "close" is ever expanding with improvements in shipping and distribution methods.
An adequate world-manufacturing base has been established for the production of carbon, glass, and
aramid fibers and a large number of plastic products for use as matrix materials. Many of these
manufacturers are located outside of the United States, and serve overseas markets. In addition to
the availability of end product producers, the producers of the precursor, i.e. the building blocks used
to make fibers and plastics, materials must also be capable of supplying the products at reasonable
costs. The following sections describe the various building block materials and end product
producers.
4.1 Material Sources
Polymer matrix materials, and many fibrous (carbon, aramid) materials, are derivatives of petroleum
products. Their production is therefore linked to oil prices, which have often been known to
fluctuate more than expected due to changing world conditions. The main precursors to glass fibers
are clay, coal, fluorspar, limestone, silica sand, and boric acid. These materials are readily available
in many locations throughout the United States.
4.2 Producers and Availability
Currently, a handful of larger material suppliers are serving the world market. Table 4.2-1 lists many
of the large manufacturers by market segment. Some of the secondary manufacturing companies,
that use the products produced by those companies in Table 4.2-1 to manufacture products for end
use in the construction industry are: Hughes Brothers, Inc., Tequesta FL; Marshall Industries Inc.,
worldwide; PolyStructures, Inc., Fayetteville, Ark.; and Tilco Inc., Ark. The commitment of plastics
and fiber manufacturers is evidenced by their support for the 1998 International Conference on
Composites in Infrastructure. More than 10 producers helped to sponsor the event.
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Table 4.2-1: Material suppliers
4.3 Summary
An adequate supply and manufacturing base has been established for composite materials. The
development has naturally followed the demand for composite materials. Worldwide demand for
composites is increasing with increasing awareness and design experience.
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Plastics and Resin Suppliers Location
Baycomp Burlington, Ontario
CYTEC Anaheim, CA (USA)
Dow Chemical Worldwide
DuPont de Nemous Bad Homburg, Germany
Newark, DE (USA)
GE Plastics Worldwide
Reichold Chemicals Worldwide
Mitsui Chemicals Japan
Carbon Fiber Manufacturers Location
Shappe Techniques Charnoz, France
Toray Japan
Quadrax Corp. Portsmouth, RI (USA)
Amoco Worldwide
Glass Fiber Manufacturers Location
DOW Corning Worldwide
Quadrax Corp. Portsmouth, RI (USA)
Aramid Fiber Manufacturers Location
DuPont de Nemous Bad Homburg, Germany
Newark, DE (USA)
Quadrax Corp. Portsmouth, RI
Chapter 5- Design Methods and Life Prediction
5.1 Brief History
Although the mathematics that govern the design of composite materials was developed long ago,
significant advancements in design methods for composite materials were first made in the 1960's,
driven by the advent of computers. Until computers were developed that could manipulate
significant amounts of data, "netting" analysis and carpet plot methods were used to design
composite materials. These methods relied on plots of empirically determined material parameters.
The development of the personal computer in 1981 further increased the ability of the engineer to
carry out complex designs. Continuing increases in processor speeds and memory in personal
computers has significantly reduced design time. These developments have resulted in automation
of each of the steps listed in the design strategy below.
5.2 Design Strategy
A number of methods are currently used to design composite members for structures. Detailed
treatment of each design method is beyond the scope of this thesis investigation, however a general
outline of the design procedure is shown in Figure 5.2-1. The matrix and fiber materials are
specified based on the expected hygrothermal conditions to which the end product will be subjected.
Micro-mechanics principles are used to determine ply properties, based on the fiber volume fraction
and the properties of the fibers and the matrix. Simplifying assumptions are frequently used,
although detailed methods have been established. Macro-mechanics techniques are then used to
determine the properties for the entire laminate. Again, both simplified and comprehensive
techniques have been developed.
Following the determination of the laminate properties, a structural analysis can be completed based
on the applied loads. Member deflections and stresses are computed base on the structural geometry
and material properties. Iteration is required to optimize the design parameters.
The design strategy listed in Figure 5.2-1 is useful for providing an adequate structural design.
Because of the large number of material systems and processing methods available for composite
materials, a more comprehensive set of steps is required to produce a cost-effective design. The
model presented in Figure 5.2-2 includes material systems, processing methods, and an evaluation of
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lifecycle costs. Again, iteration over a number of different designs is required to produce an
optimized result.
Temperature, Structure
Moisture
Hygrothermal
r 5Micro. Macro.
Matrix, Fiber Mc. Ply Mc.Laminate
Figure 5.2-1: An integrated framework for composite design [3]
Figure 5.2-2: Selection Sequence Flow Chart
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5.3 Human Safety & Environmental Issues
Preliminary human safety and environmental data has been established for composite materials. The
continual development of new systems creates the need for ongoing experimental investigations. A
brief summary of the industry's knowledge base of flammability, toxicity, and recycleability of
composites follows.
Fire and Toxicity Ratings
A set of fire safety design objectives that has been established by the American Society of Civil
Engineers [15] is listed below in Table 5.3-1.
Table 5.3-1: Fire Safety Design Objectives for Construction Materials
Developments in composite material systems have addressed each of these objectives. Well-
established fire performance characteristics are required for materials systems that are to be used
inside of buildings. Base material fire performance ratings for common matrix materials are listed in
Table 5.3-2. Overall fire performance of a system depends on the placement of the constituents as
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Objective Description
1 Prevention of ignition by: a) separation of heat sources from
potential fire load b)
isolation of the heat source by
insulating materials c)
venting of heat away from fire load
2 Retarding fire propagation use of material systems with a low
in interior spaces flame spread rating
3 Containment of fire the floors, walls and ceiling should
contain the fire for a period of time
that is long enough to allow egress
4 Maintenance of structural the structural systems should
integrity maintain their properties for a long
enough period of time to allow
egress
5 Fire suppression the building should be constructed
of material that is easily
extinguished
6 Toxic products of the use of material systems that
combustion produce toxic fumes when burned
should be minimized
well as the materials themselves. For example, material systems with a char-forming outer surface
will retain their properties longer in a fire than those having a only thin matrix layer protecting the
fiber reinforcement.
Table 5.3-2: Fire Performance Properties of Common Matrix Materials
Flame ~~ ~ 0 Spea Rain (AT 8)191 81
L.O ( a) a)
Smoke Densitya Raig(SMD24) 101013 16
0) CL) Cl) C
Cl) cl) (z U
CZ C: C: C
0 Co 0 -,
Flame Spread Rating (ASTM E84) 19 12 28 18
Smoke Density Rating (ASTM D2843) 170 140 130 160
Various polymeric modifications and intumescent coatings have proven successful in reducing flame
spread and toxic smoke production in fire tests on composite materials. The degree of cross linking
of the individual molecules that make up the matrix materials have a significant effect on these
performance characteristics. Matrix materials containing large amounts of flammable elements, such
as oxygen and hydrogen naturally increase polymer flammability, while those containing chlorine,
flourine and bromine reduce flammability. Intumescent coatings tend to bubble and entrap air when
subjected to heat or flame, forming a protective, insulating surface.
Recycleability
Most of the composite materials that are used in civil engineering applications are not considered
toxic waste in their cured, final form, but disposal of these materials poses significant environmental
issues due to the slow rate of degradation. Recycling of these materials has had significant impact
on the amount of material being sent to landfills, with post-consumer recycling of 680,000 tons in
1993 compared to only 20,000 tons in 1980. Since 1993, plastics recycling has continued to increase
at a slightly lower rate. 19]
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Despite these positive trends for the overall plastics industry, recycling rates for composite materials
are somewhat less encouraging. Although the actual rates of composite material recycling could not
be determined, it is noted that thermosetting plastics, such as those typically used as matrix materials
in composites, are generally more costly to recycle. The high degree of molecular cross-linking that
occurs in these materials necessitates the use of chemical to break down the materials rather than
simply having to re-melt the materials, as is done with thermoplastics.
Marginal success has been achieved by chopping post-consumed composites into small pieces that
can then be used as filler for high volume applications. The resulting composite materials exhibit
markedly reduced structural properties. Additional iterations of this process eventually render the
material useless.
5.4 Reliability and Lifetime Prediction
The use of fiber composites in civil engineering applications is a relatively new concept compared to
the use of steel or concrete. Conventional materials have the advantage of being "time tested."
Alternatively, for engineers to feel comfortable in using composites, a method for predicting
reliability and useful life based on the results of material testing is used. The reliability analysis is
similar to that used for evaluation of steel members:
1. A reliability goal is specified.
2. Reliability functions are chosen for each design variable. These functions describe
the relationship between reliability and the corresponding variable.
3. Reliability parameters are determined through the testing of a finite number of
samples. These parameters appear as constants in the reliability functions.
4. Reliability is reported to a certain level of confidence, since the parameters are based
on finite sample populations.
5. Material safety factors are determined based on these confidence intervals.
The American Society of Civil Engineers Task Committee on Properties of Selected Plastics
Systems provides extensive instruction on the completion of the five steps listed above in Chapter 4
of the Structural Plastics Selection Manual.[15] Due to the vast number of composite material
systems available, no generalizations can be made about the reliability of composite materials.
Reliability analyses should be conducted for each design that utilizes composite materials.
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5.5 Summary
Adequate design methods have been developed for composite materials as structural members.
Developments in data analysis techniques using computers have allowed the detailed designs used
today. Continued research is required to establish material properties as new systems are
developed. Of particular concern are the fire and toxicity properties of material systems that are to
be used in buildings.
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Chapter 6- Non-Destructive Evaluation Methods
The development of nondestructive evaluation (NDE) methods for composite materials is
particularly important due to their high sensitivity to internal flaws. Small imperfections that arise
during the manufacturing stages, such as concentration of constituents, fiber misalignment,
inadequate matrix-reinforcement bonding, and inclusion of voids or foreign particles, significantly
affect the cured properties of the finished part. If composite materials are expected to behave as
designers intend, non-destructive evaluation techniques must be employed during the production
stage to ensure high levels of quality control. Increasing demands will be placed on nondestructive
evaluation methods as composite structures continue to accumulate in-service hours. [2]
Several nondestructive evaluation methods have been used or are currently being modified for use
with composite materials. Many of the more popular methods are listed below with a short
description of their level applicability to new-construction applications. The information contained
in each of the sections below is summarized in Table 6.0-1 at the end of this chapter.
6.1 Visual Inspection and Tap Test
This straightforward approach is very valuable for evaluating large projects. Although seemingly
low-tech with respect to alternative approaches, this low cost inspection method remains effective
because most of the severe conditions encountered with composite materials can be detected
visually. In addition, because very few tools are required, this method is most suitable to in-situ
evaluations. Most visual inspections are completed with a jeweler's loupe, or other magnification
device such as a borescope. Damages and manufacturing flaws are most visible in translucent
composites, such as GFRP. To improve the visibility of damaged areas in opaque composites, the
members are often coating with paint containing a micro-encapsulated dye. Upon impact damage, or
excessive straining of the composite members, the paint cracks and the dye is released, clearly
indicating the affected area to observers.
Coating the material with micro-encapsulated dye in not effective in detecting internal
manufacturing flaws in opaque materials. Another straightforward NDE method, the tap test, is
often completed in conjunction with visual inspection to detect internal flaws. A simple coin or a
more sophisticated "tap hammer" is used to sound the material. Differences in acoustic resonance
indicate damaged areas from undamaged areas. Both the tap test and visual inspection test suffer
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from the subjectivity of the observer's interpretation of certain stimuli. Despite this drawback, these
methods have been used effectively to test for flaws in composite materials used in new-construction
and rehabilitation applications.
Although these methods are useful for detecting damages and flaws occurring at or near the surface
of composite components, they cannot be used to determine the conditions deep within these
materials. Subsurface damages, such as those caused by low velocity impacts, often go completely
undetected by visual inspection and tap testing. Other nondestructive evaluation methods are used
when thick composites or composites subjected to low-velocity impacts are encountered.
6.2 Ultrasonics
Ultrasonic methods rely on the reflection and attenuation of high frequency (greater than 20 kHz)
mechanical vibrations. Different types of materials, such as matrix materials and fibers or foreign
particles, have different acoustic impedance levels, thus causing varying attenuation levels as the
waves propagate through the composite member. Material interfaces allow only partial
transmittance of the waves, reflecting the rest back toward the source.
The transducer, used to create the mechanical waves, and the receiver, are typically arranged in one
of the two configurations shown in Figure 6.2-1. One severely limiting aspect of the "Through-
Transmission" method is that it requires access to both sides of the component being tested. Because
this method is often time consuming when inspecting large areas, it is used less frequently in field
applications. However, the laboratory environment does provide the benefit of supporting all the
apparatus required to almost completely automate the data acquisition and analysis required for this
method. The "Pulse-Echo" method is more appropriate for field use, as it requires access to only one
side of the composite member being tested. A semi-automated system developed by McDonnell
Douglas, named Large Area Composite Inspection System (LACIS), has been successfully used in
the aerospace industry to achieve in-situ inspections covering 9.3m2/h (100 ft 2/h). The pulse-echo
method has the added benefit of producing varying echo intensities for flaws at different depths
within the composite. The through-transmission method is insensitive to flaw depth.
Duke et al, have reported successful use of the pulse-echo and through-transmission methods in
establishing a baseline, non-destructive evaluation of a bridge made of pultruded composites. The
research team will continue routine, in-situ testing of the bridge using these methods.[ 13] Kundu et
32
al, have reported success in using low-frequency ultrasonic waves to detect flaws in highly
attenuative materials such as epoxy matrices. Signal attenuation decreases with decreasing wave
frequency, resulting in better results when testing epoxies.[14]
Other types of ultrasonic methods have been used successfully to increase flaw sensitivity, determine
reinforcement ply orientation, and to facilitate the inspection of highly attenuative materials such as
polytetrafluoroethylene (PTFE). These methods involve costly apparatus and complex data analysis,
and have therefore been used almost exclusively in the laboratory or in high-volume production
applications.
transducer /
inclusion receiver strong response
transducer
receiver
(a) (b)
Figure 6.2-1: Ultrasonic NDE methods. (a) through-transmission (b) pulse-echo
6.3 X-Radiology
X-ray imaging is useful for detecting conditions that cause varying density or thickness within a
material. A difference in density or thickness of approximately 1-2% between adjacent materials is
required for detection. Because many types of manufacturing flaws typically found in composite
materials have a very low density, such as voids, cracks, and porosity, this method is typically used
for quality control in production lines. X-ray imaging is also useful for testing moisture take-up in
carbon-epoxy materials. Although carbon fibers are not imaged by x-rays, the difference in density
between moisture filled voids and the surrounding matrix material permits the quantification of
moisture content. The high cost of neutron radiography, used for this purpose prohibits the use of
this method in the field.
33
The use of this x-ray technology stems from the medical diagnostics industry. Recent advances in
data acquisition have eliminated the need for the costly film medium previously used to capture the
x-ray images. Images are now stored and displayed by computers and the analysis of such images is
completed instantaneously.
6.4 Acoustic Emission
Acoustic emission testing involves the detection of audible or ultrasonic elastic energy that is
released from materials when subjected to certain conditions. The nature of this test requires that the
composite members undergo loading during data acquisition. These methods are often less favored
over other methods, as some degree of damage usually occurs in the member before acoustical data
is detected. One application where this is not the case is that of moisture detection in hollow-core
sandwich systems. Introducing a small, non-damaging, amount of heat to the surface of a hollow-
core material causes moisture contained within it to flow through exit paths, emitting detectable
energy.
6.5 Infrared Thermography
Infrared thermography has been successfully used to detect delaninations in multi-ply laminates.
All substances having a temperature greater than absolute zero emit electromagnetic radiation, the
intensity of which, depends on the material's temperature and surface conditions. The rate of energy
emitted to a hemispheric envelope surrounding an ideal radiator is a function of the wavelength and
temperature of the emitting surface[ 11], and is given by:
= C1
Eb [WIm 2 . jim]
S-e A-
where:
EX,b = wavelength dependent rate of emission (energy/unit area)
C1 = 3.742 x 108 [Wjim 4/m2]
C2 = 1.439 x 104 [jim-K]
T = absolute temperature (K)
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Integrating over all wavelengths and introducing a material constant equal to the ratio of actual to
ideal emittance gives:
W =--T 4
where:
W = wavelength independent rate of emission (energy/unit area)
E = emissivity (ratio of emittance of surface relative to a black body)
c- = Stefan-Boltzmann constant = 5.7 x 10~' (W/m2K4 )
T = absolute temperature (K)
A plot of radiant intensity versus wavelength for three temperatures is given in Figure 6.5-1. The
wavelengths corresponding to the peak values for each temperature profile are given by:
Amax = 2.9[1 mT
(Wien's displacement law)
The temperature at a point on a material's surface can be determined by comparing the intensity data
from an infrared thermograph to the temperature plots below for a given wavelength. Recent
advancements in data analysis using microcomputers has improved this method's acceptance in the
engineering community. Like many of the previously mentioned methods, infrared thermal testing is
useful for detecting flaws and delaminations at or near the surface of a specimen, but the reliability
of this methods decreases dramatically with increasing flaw depths, rendering it ineffective for thick
components.
GI 
- -T=30 C
-- T=20 C
C--- T=10 CL.
Wavelength, X
Figure 6.5-1: Intensity plotted by wavelength for three material temperatures.
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6.6 Vibrothermography
Vibrothermography is similar to Infrared Thermography in that both methods use infrared cameras to
capture thermal images of the material surface, however, vibrothermography also relies on dynamic
excitation of the structural member. Mechanical vibrations at damage locations produce more heat
due to the internal friction associated with stress concentrations. The increased heat dissipation is
easily detected on infrared film or by infrared sensitive materials. The method is useful for quickly
evaluating in-service components but does not yield high-sensitivity output. [15]
6.7 Laser Interferometry
Laser interferometry relies on the interference of spatially and temporally coherent light beams to
produce fringe patterns that indicate displacements along the surface of a specimen. The fringe
patterns appear as the result of the interaction of two interference patterns. The first pattern is caused
by the interference of the split beams of a single laser, above the specimen surface. The second
pattern is caused by the reflection of the beams from a diffraction grating affixed to the surface of the
specimen. Deforming the specimen by thermal or mechanical loading causes a change in the shape
of the diffraction grating, and subsequently, the interaction between interference patterns. The
resulting fringe patterns can be used to derive whole-field displacements along the surface of a
specimen. Through subsequent data analysis and image processing, whole field strain plots can be
produced. Figure 6.7-1 below shows a tensile test specimen made of CFRP sheets bonded to a
rectangular concrete prism. The discontinuities in the resulting fringe pattern indicate cracks in the
concrete prism as a result of tensile stresses. The high strains indicated by the black and white
regions in the colored strain plot denote regions of high shear strain in the underlying concrete layer
which arise due to the bridging action of the CFRP sheet.
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Figure 6.7-1: Whole-field fringes and strain plot from laser interferometry.
Because this method requires the use of extremely sensitive optical equipment, it is rarely used in
field applications. The Portable Engineering Moir6 Interferometer (PEMI), a self-contained
interferometric device manufactured by IBM, has made it possible to use this technology in low
volume production lines. The instrument measures approximately 0.6m x 0.6m x 0.6m and is easily
portable, as the name implies.[12]
6.8 Microwave Testing
Microwave testing is currently used almost exclusively in the laboratory, but is effective in detecting
porosity and degree of matrix cure in low conductivity composites such as glass and aramid fiber
reinforced plastics. Fiber content and orientation are also useful data produced by this technique.
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6.9 Eddy Current Testing
This method is useful for detecting fiber orientation and breakage in conductive composites such as
CFRP. By varying a magnetic field surrounding the test material, a measurable current is induced in
the fiber reinforcement. This data can be used to determine whether or not fibers are still intact.
A similar technique, which relied on the change in resistance of pultruded carbon fiber tows with
progressive fiber failure, was employed by Baki s et al [10], in determining the remaining strength
capacity of hybrid composite reinforcing bars undergoing tensile testing. Strains above 50% of
ultimate in the carbon fiber tows also produced detectable resistance changes prior to the onset of
irreversible damages.
6.10 Summary
A large number of non-destructive evaluation methods have been used to successfully detect flaws in
composite materials. Many of these methods have been used to evaluate the condition of composite
materials in-situ, namely, visual inspection, tap-tests, ultrasonics, infrared thermal imaging, acoustic
emission, and eddy current testing. Other methods, microwave, laser interferometry and x-radiology,
are restricted to laboratory or high-volume production line use, due to their extensive data analysis
procedures and costly apparatus. Table 6.0-1 (next page) outlines the flaw detection capabilities of
each method and its applicability for use with composite materials.
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Table 6.0-1: Applicability of NDE Methods
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Porosity (matrix voids) 1 1 2 2 1 1 1 2 2 2
Foreign materials 3 2 1 2 2 2 2 2 2 2 2 2 3
Shallow delamination 2 1 1 2 1 1 1 1 3 2 1 2 1
Deep delamination 1 1 3 3 1 1 1 3 2 3
Matrix cracks 3 1 1 2 2 1 3 2 2
Fiber breaks 3 3 3 3 3 2 2 2 2 2 1 1
Impact damage 3 2 1 1 2 2 1 2 2 1 3 2 1 1 2 1 1
Water (moisture) intrusion 3 2 3 2 2 1 2 2
Corroded core 2 2 2 3 1 3
Fatigued core 2 2 1 2
Foam adhesive voids 3 2 1 2
Bondline adhesive voids 1 2 1 1 2 2 2 1 2 1
Fiber mis-alignment 1 2 2
Matrix undercure 2 2 2 2 2
Resin Variation 2
Key:
*- Most successful for testing of composites in-situ.
1- Exhibits good sensitivity and reliability. Good candidate for primary method.
2- Less reliability or limited applicability. May be good as supplementary method.
3- Limited applicability. May provide useful information
Note: Information provided by references [2,4,13-15]
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Chapter 7- Life Cycle Costs
A survey of the applicability of composite materials in new-construction applications would not be
complete without addressing costs. Comparing material systems for construction applications is
difficult due to the multitude of intricately related variables that affect the overall cost of a project.
For example, although the cost of composite materials themselves is generally higher than the cost of
conventional materials, the use of composite materials may result in a reduced transportation costs
due to their lower weight. Additional cost savings may be realized due to the ease of assembly of
many composite material systems and elimination of the need for heavy hoisting equipment. Minor
savings on the design side of the project may also be realized due to the reduced weight of the
overall structural design and the subsequent specification of smaller member sizes, but the
magnitude of such savings is generally insignificant with respect to those on the construction side.
The variables mentioned above represent only a small fraction of the variables that effect the overall
financial success or failure of a project. Because of the highly unique nature of civil engineering
projects, generalized statements such as "designs using composites to replace conventional materials
have a higher first cost," or "reduced labor costs make up for increased material costs associated with
composites," do not form a sufficient basis for design selection. A comprehensive investigation of
each project, including design, construction, operation, and rehabilitation costs with respect to time is
required.
7.1 Construction Cost-Time Relationship
The time value of money has a significant effect on the overall success or failure of a constructed
facility. All costs associated with a construction project fall somewhere on a cash flow timeline. A
simplified cash flow timeline is shown in Figure 7.1-1(a). High initial costs, i.e. costs made early in
the project lifecycle, are less desirable, as they reduce the amount of money available to earn interest.
A number of factors that affect the initial cost of a facility are presented in section 7.2. Other costs
are distributed over the lifecycle of the facility. Many models have been developed to estimate the
shape of the cash flow distribution, but again, individual circumstances may cause substantial
variation. It is reasonable to assume that the cost of maintaining a facility increases with time, but
the rate of increase is difficult to determine. The maintenance costs shown in figure 7.1-1 are
presented as uniform negative cash flows for simplicity. Finally, repair and renovation costs and
eventually salvage value appear later on the timeline.
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The substitution of composites for conventional materials introduces a number of potential shifts in a
project's cash flow timeline. Figure 7.1-1(b) is a conceptualized project cash flow timeline, showing
possible effects of composite material substitutions. It is important to note that the presented
changes in cash flow represent only one possible scenario. [17]
A
low initial cost
maintenance costs V
repair cost
salvage value
L
increased subsequent costs
r
(a) conventional materials
A
increased initial cost
similar salvage value
I
uniform maintenance costs
repair cost is eliminated
IF
(b) composite materials
Figure 7.1-1: Cash flow comparison
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7.2 Life Cycle Cost-Benefit Model for Composite Materials
Although generalized theories on the effects of replacing conventional materials with composites are
not substantiated, general algorithms for the evaluation of replacement systems have proven useful.
These algorithms provide guidelines for the evaluation of different material systems that must be
applied to individual projects.
One such algorithm is presented by Hastak et al [18]. A complex life cycle cost-benefit model for
composite materials in construction applications is presented. The model considers both "tangible
and intangible" benefits and costs of composite substitution. A hierarchical assessment of benefits
and costs is employed, as shown in Figure 7.2-1. The four top-level benefit categories considered
are structure, management, mass production and maintenance. The priority of each sub-category is
established by the specific circumstances surrounding each construction project. Weight factors are
used to represent each sub-category's level of importance. Additional weight factors are then
assigned based on the expected level of benefit. The metrics are scaled such that benefits and costs
that are perceived as being equal yield a benefit-cost ratio of unity.
Benefit Assessment
Structural |Managerentl Production| Maintenancel
Strength Benefits Modular Construction Productivity Durability
Weight Schedule Time Quality Maintenance Costs
Durability Aesthetics Labor Cost Reliability
Modular Properties Transportability Initial Investment Rehabilitation
Material Properties Ease of Installation Material Cost
E1 main categories
sub-categories
Figure 7.2-1: Benefit hierarchy
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For example, the expected level of labor cost savings associated with installing composites instead of
conventional materials is of medium importance. This is demonstrated in Table 7.2-1. The addition
of the lowest level on the ranking hierarchy (low, medium, high) allows the use of Boolean (O's and
l's) data, as shown. The benefit scores for each design alternative are calculated using the equation
below:
BenefitScore = Main WeightFactor - SubWeightFactor - LevelFactor -(Oorl)
Where: n = number of sub-categories
Table 7.2-1: Hypothetical design comparison
Main Wgt. Sub Wgt. Level Wgt. Design Option
Criteria Criteria Conventional Composite
Structure 0.4 Strength 0.7 High 0.4 1 0
Medium 0.3 0 1
Low 0.3 0 0
Weight 0.3 High 0.8 0 0
Reduction Medium 0.1 0 1
Low 0.1 1 0
Production 0.6 Productivity 0.5 High 0.5 0 0
Medium 0.3 1 0
Low 0.2 0 1
Labor Cost 0.5 High 0.5 0 0
Savings Medium 0.3 0 1
Low 0.2 1 0
246&
After the benefit scores are calculated, estimated life-cycle costs are calculated based on significant
cash flows and the current discount rate. Only tangible costs are included in this calculation. The
results of a hypothetical benefit-cost analysis are presented in Figure 7.2-2. In this case, the results
show that the composite design is less desirable, with a benefit to cost ratio of 0.77. The
conventional design was used as the control in this comparison, resulting in a benefit-cost ratio of
1.0.
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0.2714 V.Benefit Scores:
Although this life cycle benefit-cost model is useful when benefits are not easily quantifiable, it is
subject to double counting if tangible and intangible criteria are not clearly defined. For example,
the labor cost savings in the hypothetical example used above was considered a benefit. Instead, the
actual cost savings could have been estimated, in which case it would have been included on the cost
side of the model. The problem lies in that each of the criteria can be viewed as a benefit or a cost.
Table 7.2-2: Benefit-Cost Analysis
Design Benefit Benefit LC Cost Cost Benefit/
Score Comparison Estimate Comparison Cost Ratio
Conventional 0.274 1 $180,000 1 1.00
Composite 0.246 0.898 $210,000 1.17 0.77
7.3 Summary
Many factors affect the life cycle cost of a constructed facility. Benefit or cost generalizations based
on "average" projects should be avoided, as project costs show a high degree of variation. The
benefits and costs of alternative material systems must be evaluated with respect to specific project
circumstances and design criteria. Algorithms ranging from simple to quite complex are being
developed to assist designers with this task. Caution should be used when attempting to quantify
subjective design criteria.
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Part II- Composite Materials Applications in New Construction
45
Chapter 8- Current New-Construction Applications
Despite the challenges, advanced composites have been successful in a handful of structural, new-
construction applications. In addition to the structural applications, composite materials have found
uses in many architectural applications such as exterior finishing systems.
The structural applications have been mainly in the area of concrete reinforcement. Pultruded glass
and carbon fiber reinforced epoxy composites have been used successfully as concrete reinforcement
in applications where corrosion of steel reinforcing-bar (rebar) was a concern. Other applications
have used carbon, aramid, and glass fiber reinforced composites as pre-stressing reinforcement
("tendons") for concrete members. These fibers are capable of carrying similar pre-stress forces to
conventional, high-strength steel reinforcements. Pultruded E-Glass/Epoxy systems provide the least
costly alternative to steel, but the first cost of such projects is still slightly higher than those that
employ steel rebar. These advanced composite systems are cost effective when subsequent repair or
replacement of corroded steel reinforced concrete systems is considered. [2]
Pultruded composite bridge decks have also been used successfully. Typically, these products are
similar in shape to standard steel W-shapes, although recently, proprietary geometries have been
developed with the aim of reducing construction time by simplifying assembly. Some of these have
integrated a wear surface on the compression flange, eliminating the need for a concrete topping.
Some designs have been completed which use advanced composite materials exclusively. These
designs are typically pedestrian bridges where lightweight structures are preferred, and marine
applications, such as platforms on oil-drilling rigs, where high salt concentrations in the moist air
make corrosion an ongoing concern. These designs have also been used in hospitals, where
magnetic resonance imaging (MRI) requires nearly non-magnetic enclosures. In these applications,
larger structural shapes, similar to standard steel shapes, have been pultruded, and connected with
nylon and other plastic bolts, or directly adhered. [5]
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8.1 Advanced Composite Case Studies
A survey of actual cases where composite materials have been used in new-construction applications
is presented below. Although comprehensive cost data was not available, benefit comparisons were
computed in accordance with the method that was presented in Chapter 7. Rather than reporting a
benefit to cost ratio for each case, the benefit-cost ratio is set equal to unity, which implies that the
composite and conventional designs provide equal benefit with respect to cost. A cost comparison
can then be determined by "back-calculation." The resulting ratio, B:A, establishes the multiple of
extra cost that can be associated with design B before design A becomes more desirable. For
example, if the benefit comparison (benefits B / benefits A) for design B yields a value of 1.49, i.e.
design B provides 49% more benefit than design A, then the cost comparison ratio that corresponds
to setting the benefit-cost ratio equal to unity is 1.49. In other words, design B can cost up to 49%
more than design A before it is considered the less desirable alternative.
A Concrete Bridge Using GFRP Reinforcement Bars
The University Drive/Crowchild Trail Bridge is located in Calgary, Alberta. A structural system of
longitudinal steel beams, with chopped glass fiber reinforced concrete continuously spans three equal
segments of a 90-meter long bridge. The slab was designed as a "steel-free" system. In addition to
the chopped fibers which were randomly distributed throughout the slab's volume, GFRP reinforcing
bars were used as primary reinforcement in the curb walls. Figure 8.1-1 shows a partial cross-
section of the structural system.
The vehicular bridge is located in an area that experiences low traffic volume, most of which results
from small, two-axle automobiles. As a result, the design objective was to completely replace the
existing, deteriorating bridge as quickly as possible. This operation is considered a new-construction
application because the low traffic volume allowed the bridge to be closed completely for repairs,
thus completely de-coupling the existing bridge demolition and the new bridge construction. Other
design objectives included the achievement of high levels of reliability and durability.
A benefit comparison was investigated for a design that used only conventional materials and one
that used composite materials. The composite material design was ultimately chosen. A summary of
the benefit scores and the resulting benefit ratio is given in Table 8.1-1. Table A-I gives extended
data on the evaluation criteria and weighting factors used to determine the benefit scores. Cost data
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was not available, and therefore a cost comparison could not be completed. Instead, an estimate of
the additional cost that could be associated with the composite design before it would be considered
less desirable was determined. This was don by setting the benefit to cost ratio of the conventional
system (which is set equal to 1) equal to the composite system. Having determined the benefit
comparison for the composite system, the allowable extra cost can be back calculated. The resulting
cost estimate, labeled LC Cost Estimate in Table 8.1-1, is the allowable cost of the composite system
per 1 dollar of the conventional system.
Figure 8.1-1: Partial section through Crowchild Trail Bridge, Calgary, Alberta
In this case, the composite system provides less benefit than the conventional system, as shown in
the "Benefit Score" column in Table 8.1-1. Therefore, for the composite to be considered more
desirable, it must be offered for a lower cost, i.e., $0.99 for every dollar that would be spent on the
conventional design. It is not likely that a design using composite materials could be delivered at a
lower price, therefore, conventional materials should be used in this case.[20]
Table 8.1-1: Benefit Summary: Concrete Bridge Using GFRP Reinforcement Bars
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Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.29775 1 1 $1.00
Composite 0.2935 0.99 0.99 $0.99
A Short Span Bridge Using Modular FRP Composite Deck
The Laurel Lick Bridge in Lewis County, WV, was constructed of pultruded, modular FRP decking
components. The decking components make use of a proprietary, cross-section geometry to achieve
high stiffness and low weight. A combination of unidirectional, angled, and randomly oriented fiber
mats was used to achieve quasi-isotropy in the composite section. A vinylester resin was used to
provide improved weatherability improvements over polyester, a less costly alternative. Finally, a
thin (-3/8" thick), polymer concrete overlay with sand aggregate was used to create a durable wear
surface. Figure 8.1-2 is a photograph of the 20-foot long bridge that was taken during its
construction, in May of 1997.
Figure 8.1-2: Laurel Lick Bridge in Lewis County, WV
In the absence of an adequate standard for designing bridges of this type, the basic relationship
outlined by the Load and Resistance Factor Design (LRFD) method for steel systems was adopted:
(Load Effects x Load Factor)<(Nominal Strength x Resistance Factor)
AASHTO design specifications were used to determine vehicular loads and load factors.
Potential benefit scores were computed and are summarized below in Table 8.1-2. The detailed
criteria and weighting factors are tabulated in Appendix A. In this case, less emphasis was placed on
design confidence due to the simplicity of the overall design. A design worthy of confidence could
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be produced as easily for composites as for conventional materials. Therefore, the rows associated
with design confidence were intentionally left blank. Similar arguments apply to the omission of
rankings for aesthetics. Most of the emphasis was placed on reliability, durability, and construction
time. Strong emphasis was placed on construction time because roadways had to be shut down
during construction. In addition, West Virginia has a master plan for the progressive replacement of
its aging bridge structures. Durability and reliability were therefore emphasized to prevent high
maintenance costs and to limit traffic slowdowns resulting from unreliable roadways.
As shown in Table 8.1-2, the composite design alternative offers high benefits when compared to
conventional materials (1.7 to 1). Accordingly, the composite system can be as much as 70% more
expensive than the conventional system and still be considered the better choice.[21]
Table 8.1-2: Benefit Summary: Short Span Bridge, Modular FRP Deck
Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.2875 1 1 $1.00
Composite 0.4875 1.70 1.70 $1.70
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Full-Scale Composite Steel Wickets for use at Olmsted Locks & Dam
Composite materials were used to create a corrosion resistant wicket system at the Olmsted
Prototype Wicket Dam, in Smithfield, KY. Figure 8.1-3 shows a cross section of a typical wicket
system. The design objective was to create a suitable alternative to the steel system currently being
used. It was specified that the designs maintain the high performance levels expected of the steel
system, while providing improved resistance to corrosion, while using only low cost composite
systems. In addition to improved durability, the system had to be extremely reliable, as failure
would result in flooding and possibly subsequent damage to neighboring wickets, ultimately
resulting in dam failure.
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Figure 8.1-3: Typical section through wicket
The composite system design contained glass fiber sheets and a vinylester matrix. Additional
pultruded "I-beam" sections, made of similar materials, were used to add stiffness and width to the
system. It was found that point loads from the hydraulic arm that supported the wicket were difficult
to distribute into the entire composite section, a problem that resulted in punching shear failures. To
prevent this failure mode, steel "strongbacks" were used to add stiffness to the system.
The wickets were constructed according to the final design shown in Figure 8.1-4. They were later
installed, and tests were conducted to determine deflections and dynamic response in comparison to
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their steel counterparts. The wickets were operated frequently, to simulate 25 years of operation
cycles. A total of 400 cycles were used, and post-test inspections were performed.
Upstream
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Outer Shear Ties
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,"t Downstream Face Sheet
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Instrumentation Access Panel
Figure 8.1-4: Typical wicket construction
The test results showed that the composite systems functioned adequately under the given load
conditions. The composites did however, exhibit larger deflections when subjected to dynamic
loading, due to the decreased stiffness that caused vibration frequencies closer to the natural
frequency of the system. Minor damages in the surface of the wickets were also observed due to
debris getting caught between adjacent units. This type of damage was not observed in the steel
systems, but is considered less critical than the corrosion resistance observed with steel. Corroded
structural connections are hazardous as catastrophic joint failure may occur. These issues are
reflected in Appendix Table A-3 as an increase in reliability and a decrease in durability for the
composite system.
Short construction time is also a priority, as wicket failure requires rapid replacement. Although the
composite systems are considerably lighter than the steel systems, a reduction in construction time is
not expected.(Also reflected in A-3)
52
Hinge Connect
The benefit analysis revealed that the composite systems provide only slightly more benefit than the
steel systems that are currently in use. Improved composite designs that further increase reliability
without reducing durability may provide enough benefit to warrant conversion from steel to
composite systems. As of the end of this study, the U.S. Army Corps of Engineers (USACE) had no
plans to implement a conversion. [22]
Table 8.1-3: Benefit Summary: Composite Wickets for Olmsted Locks & Dam
Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.256 1 1 $1.00
Composite 0.277 1 .08 1.08 $1.08
Summary
The case studies presented above were chosen to illustrate the need for objective comparison
between composites and conventional materials. In the first and the third cases, the composite
systems probably did not provide enough benefit to warrant conversion from conventional systems.
In the second case, the use of composites was warranted due to issues related to the ease of
construction. It is evident from these cases, that composites are not cost effective design solutions in
all applications, but the significant benefit ratio observed in the second case emphasizes the need for
their consideration. Finally, accurate cost estimates are required to make a final decision.
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8.2 Conceptual Design of a Showcase Building
The use of composite materials as floor system components was investigated as part of the
hypothetical design of a new classroom/research building for the MIT campus. The design objective
was to create a building that would serve as a "high performance structures showcase." A
preliminary survey of composite materials and applications was completed. Two different floor
system designs were considered, each using advanced composites as structural components. The
thesis (this document) represents a deeper investigation into the applicability of composite materials
in all new-construction applications which includes alternative material systems, processing
methods, material availability, design methods, non-destructive evaluation methods, and life-cycle
costing methods. This section is included as evidence that designs using composite materials can
achieve performance levels that are comparable to those using conventional materials.
Floor System Description
The approximate size and shape of the floor bays can be seen in Figure 8.2-la. The long, 75-foot
(22.86-m) span posed a design challenge that could not be overcome by an exclusively composite
design, but was achieved with concrete, pre-stressed with CFRP tendons.
3 0T 0 10
0 E3 00
75'
(a) (b)
Figure 8.2-1: Typical bay layout: "Long Girder-Short Beam"
Two design strategies were considered: 1) a system of short girders carrying long beams (Figure 8.2-
la), and 2) long girders carrying short, transverse beams (Figure 8.2-1b). Designs using both
conventional and composite materials were considered for both cases.
For the first case, short girders and long beams (hereafter referred to as SG), pre-stressed concrete
tee beams were considered, with pre-stressed concrete spandrel girders. Both steel and carbon fiber
reinforced plastics were considered for the pre-stressing strands.
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For the second case, long girders and short beams (hereafter referred to as LG), steel truss girders
were designed to span the 75-foot direction, with hybrid carbon and glass fiber composite beams
spanning transversely, in the 25-foot direction. The conventional alternative, steel girders with steel
transverse beams, was also considered.
Design Alternatives: Floor Construction
Preliminary design calculations were completed for each case. Because of the limited scope of the
domestic design codes, The EUROCOMP design Code and Handbook [8] was used. The resulting
designs are presented below in Figures 8.2-2&3. It is evident that the composite material designs
require larger sections and/or more reinforcement to achieve the same spans as steel and concrete
designs due to the lower stiffness of composite materials. Although carbon fibers alone have
approximately the same stiffness as steel, the epoxy matrix used to hold the fibers reduces the
stiffness of the overall composite. In addition, the matrix exhibits creep behavior under sustained
load, which places further limitations on the allowable stress.
In spite of the larger hybrid composite cross-sections required in the LG case (See Figure 8.2-2), the
resulting design weighed 20% less than the conventional steel alternative. In the SG case, where
concrete accounted for most of the design's weight, a weight reduction of less than 1% was realized
by using CFRP pre-stressing tendons instead of steel.
Design Costs
In the SG case, where pre-stressed concrete tee-beams are used, the reinforcement represents a very
small percentage of the overall costs, with concrete and manufacturing costs accounting for the rest.
Therefore, the increased material costs resulting from the use of composites in place of conventional
materials has little impact on the overall cost of each tee-beam. A cost increase of less than 10
percent is expected for the entire floor system.
In the LG case, a much larger volume of composite material is required (See Figure 8.2-2), therefore
the difference in cost between the conventional and composite materials is more significant. A
preliminary cost estimate for the installed conventional system is six dollars per square foot. The
cost of the installed hybrid composite beam system is estimated at $40 per square foot, an increase of
567 percent.
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Figure 8.2-2: Conventional and composite floor designs: (LG) case
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NOTE: ALL DIMENSIONS IN INCHES
Figure 8.2-3: Conventional and composite floor designs: (SG) case
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8.3 Summary
The case studies presented above represent only a small number of the possible uses of composite
materials as structural members in new-construction applications. The use of composite designs in
each of the cases resulted in advantages and disadvantages compared to conventional materials. The
benefit-cost analyses demonstrated that a broad assessment of tangible and intangible benefits is
necessary when evaluating the potential of composite materials in new-construction applications.
The conceptual design presented above reiterated some of the potential benefits and drawbacks of
using composite materials in new-construction. Comparing the cost increases for the SG and LG
designs reveals that composite material solutions are not economically feasible in all designs. In the
SG case however, the use of composites in place of conventional materials provides the additional
benefit of corrosion resistance at a minimal increase in cost, underlining the need for engineers to
seriously consider composite material solutions in niche applications.
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Chapter 9- Future Applications
Many authors have made reference to future applications that will be made possible by the rapid
introduction and development of new polymer matrices, fibers, and material combinations. As many
more composites are developed, further applications will become apparent. The importance of
visibility of advanced composite materials as a teaching/learning tool in technological institutes is
again emphasized. Some expected advances in material systems, material processing and advanced
applications are listed below.
9.1 Advances in Material Systems
0 Functionally gradient materials (FGM) as building materials
These materials are capable of absorbing and releasing moisture without dimensional changes.
Additionally, the materials are strong, fire-proof, frost damage resistant, and amenable to shape
forming. [7]
e Carbon-Carbon composites as high strength/stiffness reinforcement
These materials when used as reinforcement produce extremely strong, stiff, heat resistant designs
that could be used in high-end structural applications.
0 Self-repairing polymer matrix composites for use as infrastructure materials
Because polymers used in structural applications are susceptible to impact loading that can cause
surface damage, the aim of these materials is to incorporate hollow fibers that are filled with repair
chemicals that release when damage occurs. The chemicals housed within the hollow fibers then
cure, improving strength and stiffness of the damaged material. [8]
9.2 Advances in Processing Methods
* Polycrystalline diamond (PCD) drill bits for drilling carbon and graphite-epoxy composites
This new formulation provides "increased tool life, better hole quality, consistent hole size and
higher machining rates." [2]
* Optimized drill bit geometries for drilling carbon and graphite-epoxy composites
Drill bit geometry has a significant impact on the torque requirements for the drill press and the
condition of the finished composite part. The newly developed "dagger" drill bit geometry, patented
by Starlite@ Industries in Rosemont, PA [16], offers significant reductions in exit breakout and
micro-crack failures in drilled composites. Continuing research into optimum drill bit geometries for
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different composite material systems promises reduced drilling failures and increased production
rates.
9.3 Advanced Applications
* Carbon/Ceramic composites in cladding tile panels for office buildings
These composites have high durability and dimensional stability in atmospheres having high
temperature and relative humidity. [7]
* Optical fiber coating for sensing/smart skins applications
The use of fiber optic strands embedded with carbon fiber reinforcement in an epoxy matrix to sense
strains in the composite. This could prove useful in smart skin applications, where the structure
changes its orientation in response to some stimulation. The stimulation creates a signal that can be
carried by the optical fibers to the control unit, which also may someday be embedded directly in the
composite. [6]
9.4 Summary
This chapter discussed only a small percentage of possible future material systems, processing
methods, and applications for composite materials. Many of the applications listed above remain
cost prohibitive, but will likely become less costly as the composites industry moves forward. The
future applications that are most attractive are those that add significant value to the cost of a project
by reducing construction costs, or increasing functionality.
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Conclusion
Advanced composite materials are seeing increased usage in niche applications in the civil
engineering industry. Significant developments in six fundamental areas justify this growth trend:
1. Numerous composite material systems exist and an adequate knowledge base of material
properties is available. Various processing methods have been developed and used successfully.
The pultrusion process is well suited to producing long structural members of constant cross-
section, a geometry frequently encountered in the civil engineering industry. Further research is
required to improve our understanding of the long-term behavior of composites.
2. Secondary processes such as machining and joining have received a lot of attention from the
manufacturing community. Composite materials are capable of being machined and joined in a
similar fashion as conventional materials. Advancement in machining techniques has lead to
faster production rates and improved quality.
3. An adequate worldwide manufacturing base has been established, although, the United States
market has trailed behind the European and Japanese markets. Establishment of the biannual
International Conference on Composites in Infrastructure (ICCI) is expected to increase
awareness of composite materials and improve their marketability in the United States.
4. Design and life prediction methods for composite materials have been established through the
joint efforts of academicians and practitioners. Although adequate design methods have been
established, further research and development is required in the areas of fatigue life,
environmental degradation, and failure characterization for both existing and newly developed
composites.
5. Significant developments in non-destructive evaluation methods have led to improvements in
quality control and failure detection in composite materials. Further developments will allow
extensive testing to be accomplished in-situ.
6. The high initial cost of composite materials still remains the largest barrier to their use in new-
construction applications. Although significant cost savings have been observed in repair and
rehabilitation efforts, the use of cost estimating procedures that do not adequately account for
both tangible and intangible benefits of composites have fueled a reluctance toward their use in
new-construction applications. The benefit-cost analysis procedure presented in Chapter 7 is a
preliminary attempt by composite materials researchers to improve this situation.
The benefits that composite materials offer can only be realized if civil engineers remain alert to
future developments and look for high value, cost favorable niche applications.
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Appendix A- Case Studies: Benefit Comparisons
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Table A.1-1: Benefit Calculation-Concrete Bridge-GFRP Reinforcement
Main Wgt. Sub Wgt. Level Wgt. Design Option
Criteria Criteria Conven. Comp.
Performance 0.45 Reliability 0.45 High 0.5
Medium 0.3 1
Low 0.2 1
Durability 0.45 High 0.5 1
Medium 0.3 1
Low 0.2
Aesthetics 0.1 High 0.5
Medium 0.3
Low 0.2 1 1
Design 0.05 Confidence 1 High 0.5 1
Medium 0.3
Low 0.2 1
Construction 0.5 Time Savings 0.6 High 0.5
Medium 0.3 1
Low 0.2 1
Labor Savings 0.2 High 0.5
Medium 0.3 1
Low 0.2 1
Ease of Const. 0.2 High 0.5
Medium 0.3 1
Low 0.2 1
Ease of Trans. 0.05 High 0.5
Medium 0.3
Low 0.2 1 1
Equip. Savings 0.05 High 0.5
Medium 0.3 1 1
Low 0.2
Benefit Scores:
Summary
Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.29775 1 1 $1.00
Composite 0.2935 0.99 0.99 $0.99
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0.2935b0.29775
Table A.1-2: Benefit Calculation-Short Span Bridge, Modular FRP Deck
Main Wgt. Sub Wgt. Level Wgt. Design Option
Criteria Criteria Conven. Comp.
Performance 0.5 Reliability 0.6 High 0.5 1
Medium 0.3 1
Low 0.2
Durability 0.4 High 0.5 1
Medium 0.3 1
Low 0.2
Aesthetics 0 High 0.5
Medium 0.3
Low 0.2
Design 0 Confidence 0 High 0.5
Medium 0.3
Low 0.2
Construction 0.5 Time Savings 0.5 High 0.5 1
Medium 0.3 1
Low 0.2
Labor Savings 0.2 High 0.5 1
Medium 0.3
Low 0.2 1
Ease of Const. 0.2 High 0.5 1
Medium 0.3 1
Low 0.2
Ease of Trans. 0.05 High 0.5
Medium 0.3 1
Low 0.2 1
Equip. Savings 0.05 High 0.5
Medium 0.3 1
Low 0.2 1
Benefit Scores: U.4875
Summary
Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.2875 1 1 $1.00
Composite 0.4875 1.70 1.70 $1.70
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Table A. 1-3: Benefit Calculation-Composite Wickets for Olmsted Locks & Dam
Main Wgt. Sub Wgt. Level Wgt. Design Option
Criteria Criteria Conven. Comp.
Performance 0.8 Reliability 0.4 High 0.5
Medium 0.3 1
Low 0.2 1
Dynamic Def. 0.3 High 0.5
Medium 0.3 1
Low 0.2 1
Durability 0.3 High 0.5
Medium 0.3 1
Low 0.2 1
Aesthetics 0 High 0.5
Medium 0.3
Low 0.2
Design 0.1 Confidence 1 High 0.5 1
Medium 0.3 1
Low 0.2
Construction 0.1 Time Savings 0.4 High 0.5
Medium 0.3
Low 0.2 1 1
Labor Savings 0 High 0.5
Medium 0.3
Low 0.2
Ease of Repair 0.4 High 0.5 1
Medium 0.3 1
Low 0.2
Ease of Trans. 0.1 High 0.5
Medium 0.3 1
Low 0.2 1
Equip. Savings 0 High 0.5
Medium 0.3
Low 0.2
Benefit Scores: 0.256 0.277
Summary
Design Benefit Benefit Cost LC Cost
Score Comparison Comparison Estimate
Conventional 0.256 1 1 $1.00
Composite 0.277 1 .08 1.08 $1.08
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Appendix B- Conceptual Floor Design Calculations
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Steel Beam Calculations
Given: Mat. Code=
Sec. Code=
Span=
w=
0002
0002
300
100
in
lb/in 5' beam spacing
1 Deformation (SLS) Result: OK
Design Long. Modulus (ten)= 2.90E+07 psi 0.86949
Design Long. Modulus (comp)= 2.90E+07 psi
Des. Material Shear Modulus= 1.20E+07 psi
Max Allow Deflection=1/360= 8.33E-01 in
Calculated Deflections
Shear 6= 2.25E-02 in
Bending 8= 7.02E-01 in
Total= 7.25E-01 in
2 Flexural Strength Result: OK
Design Strength (ten)= 1.80E+04 psi 0.966
Design Strength (comp)= 1.80E+04 psi
Calculated Max. Flexural Stress= 1.74E+04 psi
3 Shear Strength Result: OK
Design Shear Strength (ten)= 1.05E+04 psi 0.34251
Calculated Shear Stress= 3.60E+03 psi
4 Web Buckling due to Flexure Result: OK
Cx,cr,b 2(klDx)/(dwtw) 6.3E-1 0
k= 2.OOE+01 simple support along flange/web junction
dw= 3.05E-01 in (depth of web)
tw= 1.37E+01 in (thickness of web)
Dx= 3.40E+09 lb-in (Ex,dt 3/12/(1 -vyvy))
o= 5.27E+1 1 psi
Calculated Stress= 3.31 E+02 psi
5 Web Buckling due to Shear Result: OK
k= 5.35E+00 simple support 2.6E-08
Tx,cr,b= 1.41 E+1 1 psi
Web Shear Stress= 3.60E+03 psi
6 Local Buckling of Compression Flange Result: OK
a= 300 in 0.02174
b= 7.OOE+00 in
D'xy= 1.29E+05 in
0 x,cr,b= 8.OOE+05 psi
Calculated Stress= 1.74E+04 psi
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For Strength:
For Buckling:
Ru=
fy,c,d=
Ss=
tWsupport=
n=
3.75E+04
1.80E+04
1.52E-01
1.60E+00
3.57E-05
Result: OK
0.02176lb
psi
in
in
in
No Stiff.
Bearing Provided= 7.OOE+00 in
8 Buckling Result: OK
Braced Braced
Pass Code Summary
OK Deformation (SLS) 86.95%
OK Flexural Strength 96.60%
OK Shear Strength 34.25%
OK Web Buckling due to Flexure 0.00%
OK Web Buckling due to Shear 0.00%
OK Local Buckling of Compression Fla 2.17%
OK Bearing 2.18%
OK Buckling Braced
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7 Bearing
1
2
3
4
5
6
7
8
FRP Hybrid Beam Calculations
Given: Mat. Code=
Sec. Code=
Span=
0001
0006
300 in
w= 100 lb/in 5' beam spacing
1 Deformation (SLS) Result: OK
Design Long. Modulus (ten)= 2.49E+06 psi 0.99939
Design Long. Modulus (comp)= 2.49E+06 psi
Des. Material Shear Modulus= 4.20E+05 psi
Max Allow Deflection=1/360= 8.33E-01 in
Calculated Deflections
Shear 6= 1.57E-01 in
Bending 6= 6.76E-01 in
Total= 8.33E-01 in
2 Flexural Strength Result: OK
Design Strength (ten)= 1.50E+04 psi 0.15267
Design Strength (comp)= 1.50E+04 psi
Calculated Max. Flexural Stress= 2.29E+03 psi
3 Shear Strength Result: OK
Design Shear Strength (ten)= 2.25E+03 psi 0.39236
Calculated Shear Stress= 8.82E+02 psi
4 Web Buckling due to Flexure Result: OK
Gx,cr,b2(kDx)/(dw2tw) 0.05959
k= 2.OOE+01 simple support along flange/web junction
dw= 2.1 OE+01 in (depth of web)
tw= 8.10E-01 in (thickness of web)
Dx= 5.73E+04 lb-in (Ex,dt 3/12/(l -vxyvy))
o= 3.17E+04 psi
Calculated Stress= 1.89E+03 psi
5 Web Buckling due to Shear Result: OK
k= 5.35E+00 simple support 0.10672
tx,cr,b 8.26E+03 psi
Web Shear Stress= 8.82E+02 psi
6 Local Buckling of Compression Flange Result: OK
a= 300 in 0.42834
b= 1.30E+01 in
D'xy= 1.09E+05 in
ax,cr,b= 5.35E+03 psi
Calculated Stress= 2.29E+03 psi
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For Strength:
For Buckling:
Ru= 3.75E+04
fy,c,d= 7.47E+03
Ss= 6.20E+00
twsupport= 1.60E+00
n= 6.16E+00
Result: OK
0.88567lb
psi
in
in
in
0.395 thickness per side
Bearing Provided= 7.00E+00 in
8 Buckling Result: OK
Braced Braced
Pass Code Summary
OK Deformation (SLS) 99.94%
OK Flexural Strength 15.27%
OK Shear Strength 39.24%
OK Web Buckling due to Flexure 5.96%
OK Web Buckling due to Shear 10.67%
OK Local Buckling of Compression Flai 42.83%
OK Bearing 88.57%
OK Buckling Braced
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7 Bearing
1
2
3
4
5
6
7
8
5.00
Area 1
Area 3
34 steel tendons
18" eccentricity
50 steel tendons
17" eccentricity
NOTE: ALL DIMENSIONS IN INCHES
Section Properties
W
100
6
6
x
2.5
23.5
17.3333333
10
1041.67
50653
16884.3
1388
Y=
Zt=
Zb=
Area=
s =
span=
13.96
10633
7057
1388.0
148460
75
Load Summary
Self Wt.=
DL=
LL=
Total=
Pinitial=
Peffective=
in
ina
in3
in2
in4
ft
Units
lb/ft
lb/ft
lb/ft
lb/ft
k/strand
k/strand
from top of beam
Material Properties/ Allowable Limits
f'c= 8000 psi Comp.
0.6f'c= -4800 psi Comp.
6(f'c)(O)= 536.7 psi Ten.
0.6f'ci= -3360 psi Comp.
6(f"ci)^(0.5)= 347.8 psi Ten.
In-Service Midspan Moment
initial M= 1861.6 ft-kip
Deflection Check
delta= 2.49 in.
1/360 Yes/No
limit= 2.5 yes
Initial Number of Strands
Approx. Center Strand Eccentricty= 17
n= Mmidspan/Z- 6*(f'c)(0.5)_ 49.42 strands
Pe/A + Pe*e/Zb
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Double Tee/
CFRP Tendons
lo+Ad2
66737
59794
21929
148460
I I Calculated Stresses (ksi)
Axial Force P/S Eccentricitiy Total
Top Bot. Top Bot, Top Bot.
-0.612 -0.612 1.279 -1.927 -1.35 0.50
-0.973 -0.973 2.285 -3.443 0.21 -2.76
-0.973 -0.973 1.016 -1.530 0.043 -2.50
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Moment
(ft-kips)
1787.3
975.9
0.0
In Service
.4L Moment
Release
Midspan M
End M
Pass
(y/n)
es yes
es yes
esyes
